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Abstract
Studies were conducted to determine the effects of
various parameters on the magnetic properties of sintered
Sm-Co permanent magnets. The standard method of fabricating
the magnets consisted of arc-melting, crushing and grinding
the alloy, aligning and pressing the powder, and sintering
the green compacts. Results indicated that the optimum
composition was 36.7 + 0.3 wt pet Sm, 63.3 + 0.3 wt pet Co.
This composition was obtained by blending together Sm^Co^
and SmCOj.. The maximum values experimentally obtained were
Hci = 27,L* k0e» Hc = 7»510 Oe, Br = 7,810 G, and (BH)max =
15.1 MGOe. The optimum sintering temperatures and grinding
times for maximum H . and (BH) were determined. Loweringc 1 max
the grinding temperature from 0°C to -60°C resulted in a 
significant increase of magnetic properties.
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The most common terms used to describe the properties 
of permanent magnets are shown in Fig. 1. Hysteresis loops 
are drawn in two different ways. Curve (a) is a plot of the 
intrinsic induction, bfTYi. (in Gauss), versus the exciting 
field, H, (in Oersted). M is the magnetization or the mag­
netic moment per unit volume measured in emu/cm^. 4/7~M 
levels off at a maximum value known as the saturation mag­
netization, kTTM . The intersect of the vs H curve withs
the H axis in the second quadrant is called the intrinsic 
coercive force, H . .C1
In the other type of hysteresis loop (b in Fig. 1) 
the induction, B (in Gauss), is plotted as a function of the 
field, H. The Induction, B, is related to by the equation
B = H + b-VVi. The remanent induction or simply "remanence"
B^, is the induction which remains in the magnet after the 
saturating field is removed. The normal coercive force, H ,O
is the field strength in the second quadrant that reduces the 
induction to zero.
The part of the hysteresis loop labelled "demagneti­
zation curve" in Fig. 1 is the locus of the points that re­
presents all conditions under which a permanent magnet may 
operate in a magnetic circuit. For a given operating point 
on the B vs H demagnetizing curve, the product B*H represents 
the potential energy per unit volume of the magnet material.
At a unique point P, illustrated in fig. 1, this "energy
2
Fig. 1-- Hysteresis Loops and Basic Terms Used in 
the Description of Magnetic Materials.
Fig. 2 - Maximum Theoretical Energy Product Determined 
by the Saturation Intrinsic- Magnetization.
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product" has a maximum value, (BH) is thus the greatestmax
amount of energy that can be stored in a unit volume (general­
ly measured in Mega-Gauss-Oersted-MGOe),
The maximum theoretical energy product for a given 
material is determined by the saturation intrinsic magneti­
zation. If all of the magnetic moments are aligned parallel
to one another, then is preserved as B as shown ins r
fig. 2. In the ideal situation the demagnetization curve is
a straight line in the second quadrant with H numericallyc
equal to KITM . Thus the maximum energy product corresponds s
to the point P in fig. 2 in which B = B /2 = Vi and H =r s
H /2 = 2 77”M and has the value (BH) = 2.c s 'max s
B. Fine Particle Theory
A massive magnetic material changes or reverses its 
magnetization in an applied field by the motion of domain 
walls within its crystallites. The wall motion can be im­
peded by putting energetic obstacles in the path of the walls, 
such as microscopic non-magnetic inclusions and random inter­
nal stresses. Any such obstacles to domain wall motion are 
relatively ineffective and can at best bring about coercive 
forces of a few hundred Oersted and corresponding energy pro­
ducts of only one to two MGOe.
However, if the material is finely divided into 
particles with dimensions comparable to the thickness of 
the domain walls, such walls can no longer form because the 
cost in energy of putting in a domain boundary is greater than 
the resulting decrease in magnetostatic energy. This means
that all atomic moments in a particle must remain parallel to 
one another and the particle can no longer reverse Its mag­
netization by the relatively easy process of domain wall 
motion. Reversal of the magnetization can occur only by 
a uniform spin rotation against anisotropic forces. Any 
mechanism that makes this rotation process energetically 
difficult causes the particle, and consequently a magnet 
composed of these particles, to have a high coercive force.
Two such mechanisms that are of practical importance are 
shape anisotropy and magnetocrystalline anisotropy.
1) Shape Anisotropy
Shape anisotropic forces are induced in some materials 
simply by making the particle smooth and elongated. The ratio 
of the length to the width of the particle is a measure of the 
shape anisotropy. Each particle produces a magnetic field 
in the air space that surrounds it and this field represents 
a considerable amount of potential energy. The energy con­
tained in the external field is a minimum if the magnetization 
is parallel to the long axis. Thus, the magnetization must 
be forced through a state of maximum magnetostatic energy to 
reverse its direction. Since the energy barrier that impedes 
spin rotation depends upon the external field, the packing 
fraction of the magnetic particles is restricted. The inter­
action between the external fields of densely packed particles 
results in a decrease of the shape anisotropy. In the case 
of an assembly of long cylindrical rods interacting, the 
governing expression for the coercive force of the compact is1
4
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Hcl = (1-P) 25fHs
where P is the packing fraction of the magnetic particles.
A value of P = ,67 is the best compromise between the desire 
for high coercive force and high flux density. The maximum 
theoretical coercive force predicted by the above equation 
has never been approached in the laboratory. The reason for 
this discrepancy appears to be the inevitable irregularities 
in shape, size, and mutual arrangement of the particles, as 
opposed to the smooth, needle-like particles upon which theor­
etical calculations are based.
The properties of AXnlcos and elongated single­
domain (ESD) fine-particle magnets are interpreted as due 
to shape anisotropy. In the Alnico alloys, the fine-particle 
structure is the result of a solid state precipitation. The 
ESD materials (such as Lodex) are synthesized directly in the 
form of elongated fine particles by electrodeposition. The 
final magnet consists of these particles, modified by heat 
treatment, in a matrix of a lead-antimony alloy.
2) Magnetocrystalline Anisotropy
The use of magnetocrystalline anisotropy to impede 
the magnetization reversal of fine particles eliminates the 
disadvantages of low density and particle shape associated 
with shape anisotropy. Magnetocrystalline anisotropy is the 
result of a strong coupling of the magnetization to a unique 
"easy" crystallographic axis within the lattice. Such is the 
case with intermetallic compounds with hexagonal or rhom- 
bohedral symmetry if the crystallographic c-axis is the easy
direction and the basal plane is the hard direction. The 
crystal is in the lowest energy state when the magnetization 
is parallel to the easy axis. Thus, if the magnetization is 
to reverse direction, it must be forced through the position 
of maximum crystal energy (hard direction). This energy 
barrier to magnetization reversal is defined as the crystal 
anisotropy constant, K, which is the difference in energy 
per unit volume between the states in which the crystal is 
magnetized in the hardest and in the easiest directions. The 
theoretical upper limit for the coercive force of a single 
domain particle is-̂
Hol = 2K/MS.
The high coercive force values of barium ferrite,
strontium ferrite, manganese-bismuth, and the rare earth-
cobalt compounds are attributed to the crystal anisotropy.
The limiting factor in these materials is the saturation
magnetization. (It was previously shown that the maximum
2 2theoretical energy product is given as h7? M .) In thes
ferrites, the magnetization is low because the material is 
ferrimagnetic and in Mn-Bi, the moment-bearing Mn atoms are 
diluted by an equal number of Bi atoms. The rare earth- 
cobalt compounds, however, possess a substantial magneti­
zation.
The magnetic properties of rare earth-cobalt (RE-Co)
compounds have been studied by various investigators.^’ ^
2 7It was not until Strnat and Hoffer ’ investigated single
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crystals of YCo^ and reported an extremely high crystalline 
anisotropy that systematic studies of the magnetic properties 
of the rare earth-cobalt alloys were undertaken. These studies 
subsequently determined that only one of the many RE-Co com­
pounds possessed high uniaxial crystal anisotropy, saturation 
magnetization, and Curie temperature to qualify as a suitable 
permanent magnet material. The compound was identified as 
RCo^ where R = one of the light rare earths such as La,
Ce, Pr, and Sm. Also Included were MM (mischmetal)—  a 
cerium rich mixture of the light rare earths and Y—  an element 
belonging to the same sub-group of the periodic table as the 
rare earths. The heavy rare earths are not included because 
there is an antiferromagnetic coupling between the R and Co 
atoms resulting in low values of saturation magnetization.
It should be noted here that the single domain particle 
concept presented above was described in terms of a highly 
simplified theory. In actual practice, single domain particles 
were not attainable. Therefore, several theories were developed 
to explain the high coercive forces exhibited by SmCô .
gmagnets. Becker proposed that domain walls are driven com­
pletely out of each particle and that a reversed domain wall 
must be nucleated in the particle or on its surface before 
magnetization reversal can take place, Zijlstra^ suggested 
that domain walls were not completely removed by the applica­
tion of a high magnetizing field but that they were strongly 
pinned in a surface layer of the particle that contains 
crystal imperfections introduced by grinding. Schweizer,
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Strnat, and Tsui^ recently proposed that during the process 
of cooling from the sintering temperature, an epitaxial 
layer of R^Co^ forms on the surface of the RCo^ grain.
(For example, a SmCo^ core Is enclosed by a SnigCo,-, shell 
layer.) The R2Co,_, shell is believed to be crystallographically 
imperfect and therefore contains a considerable number of 
effective pinning sites.
In each of the theories the high coercive forces are 
the result of the large magnetic fields needed to nucleate 
reversed domain walls or to free the pinned walls.
Although the single-phase SmCo^ compound possesses 
maximum magnetic properties in theory, problems encountered 
during fabrication required the use of Sm in excess of 
stoichiometry. The additional Sm not only compensated for 
losses from oxidation and vaporization during melting but 
also served as a sintering aid. Because single phase SmCo^ 
sintered poorly at temperatures necessary for optimum mag­
netic properties, excess Sm in the form of a lower-melting, 
higher Sm-content cobalt alloy was added. Various Sm-rich 
sintering additives have been reported. Benz and Martin ^  
first reported the use of a multi-phase liquid sintering aid, 
consisting of 60 wt pet Sm and *4-0 wt pet Co, so called be­
cause it is in a liquid state at sintering temperatures.
12Johnson and Fellows reported the use of a liquid sintering 
aid that consisted of 73 wt pet Sm and 27 wt pet Co. Carriker 
and Ludewig1  ̂have investigated a single-phase liquid sintering 
additive consisting of 88 wt pet Sm and 12 wt pet Co (Sm^Co).
9
In each of the above cases, the sintering aid was mechanically
blended with the compound SmCo^ to a desired composition.
14 ^Das reported the use of controlled excess Sm in the as-cast 
composition during melting. This paper presents the results 
of an investigation of preparing Sm-Co magnets using SmgCo^ 
as a solid-state diffusion sintering aid.
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II. Experimental Procedures and Equipment 
A. Alloy Preparation
Sm-Co compounds were prepared by non-consumable 
arc-melting of 99.9 wt pet pure metals. Charges of approxi­
mately 80 g of these metals were melted under helium. The 
arc-melted buttons were inverted and remelted a total of 5 
times to achieve homogeneity. An excess of Sm was added to 
the charge composition to compensate for Sm loss due to 
vaporization. For example, a charge composition of 37.0 
wt pet Sm and 6 3.0 wt pet Co was used to obtain a near 
stoichiometric SmCo^ composition of 33.8 wt pet Sm.
In this investigation, two methods of preparing compo­
sitions were evaluated. The first approach consisted of ob­
taining a particular composition by adding controlled amounts 
of Sm and Co to the charge before melting. This product is 
referred to as the "as-melted" composition. The second method 
involved the preparation of two separate compounds, near 
stoichiometric SmCo^ and Sm2Co^, and blending them in desired 
ratios.
Figure 3 A is a photomicrograph of a 37.4- wt pet Sm 
as-melted composition. Microprobe analysis confirmed that the 
light phase was SmCo^ and the dark phase was Sn^Co^. Sm in 
excess of stoichiometric SmCo^ combined with Co to form 
Sm2Co^f resulting in a Sm2Co^ to SmCo^ weight ratio of 3 :4 .
Figure 3 B is a photomicrograph of near stoichiometric 
SmCo^ with a composition of 34.0 wt pet Sm.
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Figure 3 C shows the micro- 
structure of the sintering additive 
with a composition of 41.9 wt pet 
Sm. The dark phase was Sn̂ Co,., and 
the light phase was SmCo^.
Quantitative analysis for 
Sm and Co contents was determined 
by wet chemical methods and by x- 
ray fluorescence.
B. Powder Preparation
The as-melted material was 
crushed in a tungsten carbide mertar 
and pestle until it passed through 
a 35-mesh sieve. Samples of this 
crushed material were analyzed for 
Sm, Co, and O. Fifty-gram lots of 
-35 mesh as-melted or blended com­
positions were ground with a Spex 
shatter-box which consisted of a 
tungsten carbide container, lid, 
ring, and puck that was rotated with 
an eccentric motion. The grinding 
characteristics were similar to those 
of a mortar and pestle as opposed 
to impact grinding of a ball mill.
The material was ground in toluene. 
Hexane was found unsuitable because
A. 37.4 wt pet Sm
B. 34.0 wt pet Sm
Fig. 3 - Microstructure 
of Sm-Co As-Melted Com­
positions. (X200; 2 per­
cent nital etchant.)
of an unidentified residue found after vacuum drying. The 
temperature of grinding was held either at approximately 0°C 
by surrounding the shatter box container with a mixture of 
dry ice and water or at -60°C by covering the container with 
dry ice only. The temperatures reported were those of the 
toluene immediately after grinding. Grinding periods varied 
from 7 to 180 minutes with average particle sizes ranging 
from 10.1 to 3*0 microns as measured with a Fisher Sub-Sieve 
Sizer. The powders were vacuum dried and stored under helium 
until used.
C. Alignment and Compaction
The powder was aligned and compacted in air in a 
magnetic field of 8,000 G. The magnetizing apparatus consisted 
of a 1,200-turn coil wound with #10 AWG magnet wire and an 
iron core 1 inch in diameter and 6 Inches long. Pressing was 
done in a single action cylindrical die with a magnetic base, 
and a non-magnetic body and plunger. The die base and body 
rested on the iron core within the coil as the powder was 
Introduced in the presence of a magnetic field. After the die 
was tapped and vibrated to increase the alignment of the parti­
cles, the plunger was inserted under a pressure of approxi­
mately 1,000 psi. The die was then removed from the coil, 
and the powder was further compacted at a pressure of ^5,000 
psi. The green compacts thus obtained were 7/16 inch in dia­
meter and 3/16 inch long with a density of approximately 60 
percent theoretical. The density of the green compacts was 
determined by direct measurements of the mass and volume, and
12
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the density of a sintered magnet was determined by immersion 
in toluene.
D. Sintering Procedure
The compacts were enclosed in stainless steel sheaths 
welded shut at one end and fitted with a removable plug at the 
open end. Extra compacts were placed at each end to serve as 
getters. The sheaths were evacuated and backfilled with 
helium. This arrangement provided a more uniform temperature 
distribution and protected the compacts from oxidation. 
Sintering was conducted for 2-1/2 hours at temperatures 
varying between 1,105° and 1,130°C to obtain optimum magnetic 
properties. The relatively long sintering time was necessary 
because of the low green density of the compacts.
E. Magnetic Measurements
The magnetic properties were measured with an 0, S. 
Walker hysteresisgraph that was designed to plot B versus H 
hysteresis loops automatically. (See fig. ^.) The magnetic 
induction B was obtained by integrating the voltage change 
in a search coil closely fitted around two sample magnets. A 
number of search coils of varying diameters and 0.25 inch 
long were made to accommodate the sintered magnets. Each 
pair of magnets tested was in intimate contact with the pole 
faces of the electromagnet to minimize any self-demagnetizing 
effects. The exciting field H was measured with a Hall-effect 
probe centered between the pole faces and adjacent to the 
search coil. The peak magnetizing field was 30 kOe at a pole 
gap of 0.375 inch. The hysteresisgraph was calibrated against
standard samples obtained from Dr. Karl J. Strnat at the 
University of Dayton, Dayton, Ohio. A pair of Pt-Co 
permanent ma.gnets was used as a secondary standard each 
time magnetic measurements were made.
Fig. ^ - Automatic Plotting Hysteresisgraph
III. Results and Discussion 
A. Optimum Composition
After preliminary studies were made to establish a 
standard procedure for fabricating Sm-Co magnets, the effect 
of composition on the energy product of sintered magnets 
was investigated. Figure 5 shows the results of three sep­
arate tests in which the peak values of energy product were 
plotted as a function of composition. The sintering time 
was 2-1/2 hours. The sintering temperature was either 1,120° 
or 1,125°C and the grinding times varied between ^5 and 75 
minutes. A complete listing of data obtained in these ex­
periments is given in table 1 .
The values for curve A in fig. 5 were measured on 
magnets made from as-melted compositions ground at a tempera­
ture of 0°C. The maximum energy product of 10.1 MGOe occurred 
at 37•*+ wt pet Sm and 62.6 wt pet Co. The values for curve B
were also measured on magnets made from as-melted compositions
but ground at -60°C. The peak value shifted slightly to 36.6
wt pet Sm and 6 3 .̂  wt pet Co with an increased energy product
of 12.1 MGOe. Curve C represents the data obtained using
compositions prepared by blending near stoichiometric SmCo-5
and Sn̂ COr, and ground at -60°C. A maximum energy product of 
15.1 MGOe occurred at a 36.7 wt pet Sm composition.
The results of these tests showed that the maximum 
value of energy product was increased by reducing the grinding- 
temperature, and the optimum composition for maximum energy 




















COMPOSITION, w t -p e t  Sm
Fig. 5 - Energy Product Dependence on Composition of Sm-Co 
Sintered Magnets. A. As-melted composition 
ground at OOC. B. As-melted composition ground 
at -60°C. C. Blended composition ground at -60°C.
blending SmgCo^ and SmCo^ were superior to those prepared 
from as-melted compositions. It was also noted that at 
compositions of approximately 35 wt pet Sm and lower, there 
was a marked decrease in energy product. This decrease was 
attributed to the correspondingly low values of sintered 
density, as shown in table 1 .
Table 1. - Physical and Thermal History of Sm-Co Magnets as a Function 




















As-melted .., 0 43-3 6.4 1 , 1 20 8.24 60 3.242.4 7.8 1 , 1 20 8.28 60 4.440.0 9.4 1 , 1 20 8.32 60 2.938.3 9.9 1.125 8.39 60 3.237.4 10 . 1 1,125 8.36 45 4.6
36.6 6.9 1,125 ' 8.38 45 3.834.2 3.7 1,125 6.50 45 4.833.7 3.2 1,125 6.00 60 5.630.9 1 . 2 1,125 6.10 75 4.4
As-melted ... -60 ^3.3 7.3 1.125 8.55 60 3.2
38.2 11.5 1 , 1 20 8.38 45 3.037.4 11.9 1,125 8.40 60 4.3
36.6 1 2 . 1 1.125 8.44 60 3.9
36.2 1 1 . 0 1,125 8.50 60 3.1
36.1 10.9 1.125 8.49 60 3.434.3 5.1 1.125 7.17 60 3.7
Blended -60 38.5 11.9 1,125 8.46 60 4.338.0 13.1 1.125 8.45 75 3.537.1 14.7 1,125 8.44 60 4.336.7 15.1 1,125 8.42 75 4.536.3 14.5 1,125 8.43 60 4.635.5 11.7 1.125 8.38 60 4.734.3 6.2 1 , 120 6.82 60 5.3
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B. Effect of Composition
On the basis of the previous data, a precisely 
controlled experiment was performed to determine the effects 
of composition on density and on each of the following mag­
netic properties: Intrinsic coercive force, H normalO X
coercive force, H r  remanence, B ; and energy product;
(BH)max. The Sm content was varied between 38.5 and 36.0 
wt pet using increments of 0.5 wt pet and, in addition, 
included the optimum value of 36.7 wt pet reported in fig. 5 .
Each composition was prepared by blending a sintering addi­
tive of 1̂.̂ 1- wt pet Sm with the base component of 3^*9 wt pet 
Sm. These were blended as -35 mesh material and ground to­
gether in toluene for 60 minutes at -60°C. Sintering time 
was fixed at 2-1/2 hours. The results of this study are 
depicted in fig. 6 through 10 and summarized in table 2 .
The maxima of intrinsic coercive force (fig. 6) and 
normal coercive force (fig. 7) occurred at the 36.7 wt pet Sm 
content for each sintering temperature. The remanence (fig.9) 
peaked at compositions of 36.7. 36.7. and 36.5 wt pet Sm at 
temperatures of 1,105°. 1,120°, and 1,125°C, respectively.
The slight shift of maximum values to 36.5 wt pet Sm at 1,125°C 
was probably within experimental error. Because the energy 
product is proportional to the remanence, the same shift 
appears in fig. 8.
The data of this investigation indicated that the optimum 
composition and temperature for maximum energy product were 




6 - Intrinsic Coercive Force Dependence on 














39.0 38.5 38.0 37.5 37.0 36.5
COMPOSITION, wt-pct Sm
Fig. 7 - Normal Coercive Force Dependence on 




Fig. 8 - Energy Product Dependence on Composition 
of Sm-Co Magnets.
COMPOSITION, wt-pet Sm
Fig. 9 - Remanence Dependence on Composition of 
Sm-Co Magnets.
39.0 38.5 38.0 37.5 37.0 36.5 36.0 35.5
COMPOSITION, wt-pet Sm
Fig. 10 - Sintered Density Dependence on Composition of Sm-Co Magnets.
Table 2. - Magnetic and Physical Data as a Funtlon of Composition.



















1,105 ... 38.5 7.70 4.3 16.7 6,320 6,670 10.5
38.0 7.74 4.0 17.9 6,580 6,800 1 1 . 237-5 7-94 3.7 19.7 6.790 6,990 11.937.0 7.96 4.4 23.0 6,920 7,170 12.336.7 7-94 3.9 24.3 6,940 7,220 12 .236.5 7.96 4.2 21.7 6,760 7,170 1 2 . 1
36.0 7.68 4.1 13.0 5,540 7 , 1 10 10.8
1 , 1 20 ... 38.5 8.45 *K3 7.3 6,130 6,980 11.338.0 8.45 4.0 7.9 6,390 7,200 12.437.5 8.44 3.7 9.2 6,990 7,370 13.137.0 8.43 4.4 16.0 7,290 7.530 13.53 6.7 8.36 3.9 19.5 7,360 7,620 13.636.5 8.36 4.2 16.5 7,070 7,550 13.336.0 8.14 4.1 8.8 5.230 7,370 10.7
1,125 ... 38.5 8.46 4.3 4.7 4,340 7 , 1 10 11.938.0 8.45 4.0 5.0 4,620 7,280 1 2 . 537.5 8.44 3.7 6.7 6,030 7,500 13.437.0 8.43 4.4 9.7 6,970 7,660 14.136.7 8.40 3.9 11.7 7,380 7.710 14.336.5 8.40 4.2 10.6 7,280 7,810 14.6
36.0 8.29 4.1 6.7 5,040 7,630 12.4
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intrinsic coercive force occurred at 36.7 + 0.3 wt pet Sm 
but at a sintering temperature of 1,105°C.
C. Effects of Sintering Temperature
The magnetic properties were found to be very sensi­
tive to the sintering temperature although reproducible results 
were readily attained because temperature control presented 
no problem. The effects of various sintering temperatures 
on the shape of the hysteresis loops in the second and third 
quadrants are shown in fig. 11. The test composition was 36.7 
wt pet Sm obtained by blending two components of wt pet
Sm and 3^*3 wt pet Sm, and then grinding at -60°C for 60 
minutes to an average particle size of k . 6  microns. Sintering 
time was fixed at 2-1/2 hours.
The data for each magnet are listed in table 3.
Figure 11 shows that the maximum value of the intrinsic 
coercive force occurred at the lowest sintering temperature, 
1,105°C, and decreased sharply with increasing temperature.
A drastic reduction of coercive force was observed at 1,130°C. 
The remanence increased gradually with temperature more or 
less proportional to the increase in density.
Representative microstructures of sintered Sm-Co mag­
nets showing the effects of sintering temperatures on the 
porosity and grain size are illustrated in fig. 12. In order 
to obtain magnets with a closed pore structure, a sintered den­
sity of greater than 85 percent theoretical was required.
Figure 12 A is a photomicrograph of the closed pore structure 













Table 3* - Effects of Sintering Temperatures on Magnetic Properties. 

















1,105 7.70 4.6 36.7 18.8 6,500 6,770 1 1 . 0
1 , 120 8.38 4.6 36.7 11.4 7,370 7,630 14.11,125 8.44 4.6 36.7 9.5 7,290 7,710 14.41,130 8.46 4.6 36.7 1 . 2 1,200 7.780 4.8
ro
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A. 1,105°C B. 1,120°C
Fig. 12 - Microstructures of Sintered Sm-Co Magnets 
Showing Relative Porosity and Grain Size 
Dependence on Sintering Temperature. 
(x200; 2 percent nital etchant).
Figures 12B and 12C show the microstructure obtained at sin­
tering temperatures of 1,120° and 1,125°C, respectively. Very 
little grain growth or porosity is seen. Considerable grain 
growth is visible in fig. 12D. The increase in grain size at 
1,130°C was believed to be the primary cause for the severe 
loss of coercivity shown in fig. 11.
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D. Effects of Grinding
Reduction of -35 mesh material to a fine powder was 
one of the most critical steps in the fabrication of Sm-Co 
magnets. Oxidation and contamination were minimized by 
grinding in toluene at -60°C. In addition, grinding at this 
low temperature was believed to have reduced the detrimental 
effects of crystal lattice deformation and cold working of the 
alloy.
The material used for the grinding experiment was of 
one composition, 36.7 wt pet Sm, prepared by blending a
wt pet Sm sintering aid with a 3^.3 wt pet Sm base com­
pound. Fifty-gram charges were ground from 7 to 135 minutes 
in a shatter box. The sintering temperatures were 1,105°, 
1,120°, and 1,125°C, with the time fixed at 2-1/2 hours.
The effects of grinding time on the magnetic properties 
are shown in fig. 13 through 1 7 » and the dependence of the 
average particle size on the time of grinding is shown in 
table The sintered density exhibited a marked dependence 
on the average particle size, particularly for short grinding 
times. At sintering temperatures of 1,120° and 1,125°C, high- 
strength, high-density magnets were obtained with powder as 
large as 7 microns. At 1,105°C however, the maximum tolerable 
particle size was approximately 5 microns. Optimum magnetic 
properties were obtained with powders ground between 60 and 75 
minutes (average particle size of ^-,5 - ^ . 1 microns) and 
sintered at 1,120° and 1,125°C.
The intrinsic coercive force curves of fig. 17 show two
\
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Fig. 13 - Effects of Grinding Time on Sintered Density. 
Composition was 3^.7 wt pet Sm.
peaks. The first occurred at a 10-minute grinding time but 
the sintered densities were of such low values that the mag­
nets produced did not have stable properties. The second peak 
occurred at grinding times of 105 and 120 minutes. A maxi­
mum intrinsic coercive force of 27.^00 Oe was obtained at a 
sintering temperature of 1,105°C with a closed pore density
Oof 8.12 g/cm . Although this represents a relatively low 
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Fig. 15 - Effects of Grinding Time 











GRINDING T IM E, min
Fig. 16 - Effects of Grinding Time 
on Remanence.
GRINDING TIME, min
Fig. 17 - Effects of Grinding Time on 
Intrinsic- Coercive Force.




















1,105 ... 7 1 0 . 1 6.65 13.5 4,400 5,660 7.6
10 8.8 6.82 17.9 ^,530 5.740 77.915 7.1 7.20 14.8 5.960 6,550 1 0 . 130 5.7 7.43 17 .6 6,210 6,730 10.8
^5 4.8 7.68 19.7 6,620 7,060 11.7
6 o ^•5 7 .81 2 1 . 3 6,960 7,250 12.475 4.1 7.94 22.9 7,210 7,3^0 13 .290 3.5 8.04 25.0 7,120 7,3^0 13.0
105 3.5 8.07 27.2 6,820 7.140 12 .2
120 3.5 8.12 27.4 6,76 0 6,980 11.7135 3.1 8 . 1 1 25.4 6,650 6,830 11.4
1 , 1 2 0 ... 7 1 0 . 1 6.86 12.0 4,450 5.750 7.6
10 8.8 7.28 20,8 4,680 6,020 8.2
15 7.1 8.03 14.3 6,360 7,220 1 1 . 230 5-7 8.35 13.5 6,870 7,550 12.9^5 4.8 8.4l 14.0 7,190 7,690 14.0
60 ^.5 8.40 15.9 7,390 7,730 14.875 4.1 8.44 20.3 7,510 7.740 14.590 3.5 8.44 21.5 7,360 7.610 14.0105 3-5 8.41 21.7 7,090 7,400 13.1
120 3.5 8.43 21 .2 6,920 7,140 12.4135 3.1 8.33 19.6 6,870 7,040 1 2 . 11,125 ... 7 1 0 . 1 7.00 23.0 4,740 5,800 7.7
10 8.8 7.59 26.0 4,940 6,640 9.815 7.1 8.16 15.8 6,150 7,370 12.330 5.7 8.42 9.6 6,820 7,680 13.645 4.8 8.43 10.3 7,220 7,760 14.3
60 ^•5 8.46 13.0 7,430 7,780 14.975 4.1 8.48 16.3 7,510 7,710 14.790 3.5 8.47 20.3 7,390 7,630 14.0105 3.5 8.44 22.6 7,010 7,530 13.6
120 3.5 8.45 18.7 6,970 7.210 12.9135 3.1 8.42 16 .7 6,940 7,170 12.4
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IV. Summary
A procedure for fabricating Sm-Co permanent magnets 
was standardized. The optimum composition was determined to 
be 36.7 + 0.3 wt pet Sm obtained by blending two near stoi­
chiometric compounds, Sn^COy and SmCo^. This method of pre­
paring compositions was superior to the direct melting method 
in which the Sm content was directly controlled during melting. 
The optimum sintering temperature was 1,125 + 2°C for maximum 
energy product and 1,105 + 2°C for maximum intrinsic coercive 
force. In order to obtain a high degree of magnetic stability, 
a closed-pore density of greater than 90 percent theoretical 
was required. Lowering the temperature of grinding from 0° 
to -60°C resulted in a significant increase in magnetic prop­
erties. Maximum energy product was obtained with powders 
ground 60 to 75 minutes (average particle size of -̂.5 - ^ . 1  
microns) and maximum intrinsic coercive force with powders 
ground 120 minutes (average particle size of 3 .5 microns).
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